ABSTRACT Cell membranes contain small domains (on the order of nanometers in size, sometimes called rafts) of lipids whose hydrocarbon chains are more ordered than those of the surrounding bulk-phase lipids. Whether these domains are fluctuations, metastable, or thermodynamically stable, is still unclear. Here, we show theoretically how a lipid with one saturated hydrocarbon chain that prefers the ordered environment and one partially unsaturated chain that prefers the less ordered phase, can act as a line-active component. We present a unified model that treats the lipids in both the bulk and at the interface and show how they lower the line tension between domains, eventually driving it to zero at sufficiently large interaction strengths or at sufficiently low temperatures. In this limit, finite-sized domains stabilized by the packing of these hybrid lipids can form as equilibrium structures.
INTRODUCTION
Systems capable of forming stable, finite-size domains are of biological importance in the context of membrane rafts where it has been observed that certain cellular functions are mediated by small (nanometric to tens of nanometers) domains with specific lipid composition that differs from the average composition of the membrane (1-3). These small domains are composed mainly of lipids with completely saturated hydrocarbon tails that show good orientational order in the membrane. The surrounding phase consists mostly of lipids with at least one unsaturated bond in the hydrocarbon tails, which forces a kink in the chain and inhibits chain ordering. In model systems with only two or three components (saturated lipid, unsaturated lipid, and cholesterol), this phase separation can be replicated (4, 5) ; however, the finite domains coarsen into macroscopic domains with time (6) due to the energetic cost (line tension) of the interface between the two liquid-like phases (7) . This line tension can be measured through several different techniques (8) (9) (10) and may be understood microscopically as resulting from both hydrophobic (11, 12) and chain ordering mismatch at the boundary between domains. There is a large body of work dedicated to understanding phenomena such as membrane budding and fission (7, (13) (14) (15) (16) as well as membrane-shape transitions (17) as they relate to the interfacial tension between domains. Despite the importance of the line tension and the apparent small size of these domains in cellular membranes, their nature as concentration fluctuations, metastable states due to slow coarsening (18) , or thermodynamically stable phases, remains unclear. In this article, we focus on the role of a particular lipid, which is soluble in the equilibrium phases but also interfacially active. We show how this lipid can lower the line tension to zero; at the same time, the hybrid lipid has only minor effects on the thermodynamics (phase diagram, critical temperature, etc.) of the system. Other factors, such as membrane recycling (19, 20) , cytoskeleton compartmentalization (21, 22) , and critical fluctuations (23, 24) , may also play a role in the creation and maintenance of finite-sized domains. However, the presence of a line-active component in the cell membrane can stabilize domains of a particular size over biologically useful timescales.
One particularly well-known example of finite domain formation in thermodynamic equilibrium is that of the microemulsion. Here, small drops of water can be stabilized in oil (or vice versa) by the addition of a surface active component, or surfactant, whose intermolecular interactions are most favorable at the interface between water and oil. Small concentrations of surfactant drastically reduce the surface tension at the boundaries and in some cases, can eventually drive it to zero; the creation of water-oil interface is actually energetically favored by the system because the line tension between domains is roughly zero. Our model shows how a surfactant analogy can be made for a specific lipid, referred to here as a hybrid lipid, which has one fully saturated hydrocarbon chain and one partially unsaturated chain, which are quite common in living cells (25) (26) (27) (28) . Common lipids used in model systems that have such hybrid character include POPC and SOPC. We show that when hybrid lipid is added to the typical saturated/unsaturated/cholesterol system, the hybrid preferentially absorbs to the interface between the two coexisting bulk phases-one composed mostly of saturated lipid, and the other composed mostly of the unsaturated lipid. The presence of the hybrids at the interface can have a strong effect on the interfacial tension. It is clear from experiment that the distinction between unsaturated and hybrid lipid is significant; even in the simple three-component model systems of hybrid/saturated/cholesterol, the domain size and phase behavior is not clear (5, 6, (29) (30) (31) . Finally, while we focus on this particular class of lipid, it is also worth noting that other biological components, such as certain proteins (32, 33) , may also have this amphiphilic property and assist in domain formation. A biological surfactant analogy has been qualitatively discussed previously (3, 34) but, to our knowledge, never explored from a quantitative perspective.
As is standard in theories of lipid interactions (35, 36) , the interactions between lipid components are taken to depend only on the spatial ordering of their hydrocarbon chains. The various intermolecular forces are assumed to constrain packing of the chain segments at constant density inside the bilayer. Thus, the effective interaction energies considered here are the result of chain packing (entropic) considerations (36) (37) (38) ; such models have been successful in reproducing phase diagrams of model systems (39, 40) without hybrid lipids. We characterize the degree of order by the parameter d with a simple model of these interactions that considers a bond in the saturated chain as being either ordered d ¼ 1 (trans) or disordered d ¼ 0 (gauche). The unsaturated chains are taken to always be in the disordered d ¼ 0 state, due to their chemical nature. We have ignored the differences between disordering due a permanent double bond in an unsaturated chain and a temporary gauche configuration of the saturated lipid. Therefore, the saturated lipids will be characterized by their local average ordering which, due to thermal effects, can range between the two extremes of being perfectly well ordered with d ¼ 1 or as disordered as the unsaturated lipids with d ¼ 0. The interactions between two saturated lipids is assumed to depend linearly on the local ordering parameter d such that J ss ¼ J (1 þ ad) (where J ss > 0 corresponds to attractive interactions). The unsaturated lipid interactions are identical to those of the saturated lipids with d ¼ 0, and thus J uu ¼ J. The mixed interaction of a saturated lipid with an unsaturated lipid is written J su ¼ J (1 À bd); this is to say that when d ¼ 0, once again the saturated and unsaturated lipid are identical, and when d > 0, the interactions are less favorable due to the incompatibility in lipid chain ordering that leads to steric constraints that reduce the effectiveness of the packing. The parameter J corresponds to the effective energy, resulting from the entropy loss of packing the unsaturated lipid components and serves as the energy scale for interactions. In numerical studies of chain packing interactions, it was found that an interaction strength of roughly 0.1 k b T per c-c bond was required to match the main-chain transition temperature (41) . This corresponds to a value for our interaction parameters that can range between several k b T for short chains and between 10 and 20 k b T for very long chains, once the coordination of the lattice is considered. The parameter a represents the entropic benefit of ordering on interacting saturated lipids whereas b represents the entropic cost of a mismatch between ordering in interacting saturated-unsaturated lipids. All three of these interaction parameters (J, a and b) are assumed to be positive. In experimental systems, these parameters can be controlled by varying the chain length of both the saturated and unsaturated lipids and degree of unsaturation or position of the double bond (42) in the unsaturated lipids. We assume that the role of cholesterol is to enhance the ordering (43, 44) of either phase, and the cholesterol is therefore not explicitly included. Finally, the system includes a small concentration of hybrid lipid which, as previously mentioned, has one fully saturated hydrocarbon chain and one chain which is at least partially unsaturated (such as POPC or SOPC). The two dissimilar chains will be treated as identical to those of the saturated and unsaturated lipids; that is to say, if a hybrid lipid sits in a completely saturated environment, the total interaction is 1 2 J ss þ 1 2 J su . This property means that it is energetically favorable for the hybrid lipid to occupy the interface between saturated and unsaturated lipid bulk phases and is, therefore, directly analogous to a surfactant.
SATURATED-UNSATURATED PHASE SEPARATION
Our model considers a lattice that is fully populated with saturated lipids, s, and unsaturated lipids, u. As previously mentioned, the nearest neighbor, two-body interactions between the lipids, are denoted by J ss for s-s interactions, J uu for u-u interactions, and J su for s-u interactions, where the J parameters represent the strength of the attractive interaction between the various components and are defined more explicitly in the previous paragraph. We add to the system a small concentration of the hybrid lipid, h. The hybrid molecule occupies the bonds between lattice sites, as in Fig. 1 . Each side of the hybrid molecule acts with half of the bare FIGURE 1 Schematic picture of (a) high and (b) low temperature (or, respectively, small/large interaction strengths, J T ) for the lattice populated with s and u molecules with some bonds occupied by the h component in various configurations. In panel a, the molecule labeled h 1 has the same type of neighbor on both sides and so its orientation does not matter. The two possible orientations in the presence of a concentration gradient are shown with h 2 and h 3 , where h 2 is in the higher energy state, represented by orientational order parameter s ¼ À1. The lower energy configuration of molecule h 3 is noted by s ¼ 1. In the low temperature limit (b), entropy becomes irrelevant and the equilibrium configuration is that of lowest interaction energy where the h molecule populates the interface in the s ¼ 1 state.
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J ss , J uu , or J su interaction strength so that the h molecule labeled h 2 in Fig. 1 a does not change the total interaction energy of the system because its presence breaks one s-u bond and forms two half s-u bonds. In general, entropy dictates that the hybrid molecules are soluble in either phase and are not necessarily constrained to be located in-between an s and a u molecule (h 1 in Fig. 1 a) . Furthermore, their orientation is not constrained to that which gives the lowest energy (h 2 in Fig. 1 a) . Our model is similar to that of Wheeler and Widom (45) and Widom (46) , with the generalization that each component is mutually soluble-an important property for these components, which can show mixed phases and critical phenomena at biologically relevant temperatures. Both the bulk and interfacial properties depend on two parameters: J T and DJ. The parameter J T ¼ J ss þ J uu À 2J su is the net interaction associated with the exchange of two s-u neighbors for one pair each of s-s and u-u neighbors. In terms of the molecular parameters given before,
When J T is greater than zero (which is always the case so long as J, a, and b are positive) the system is capable of phase separation. The other parameter DJ ¼ J ss À J uu ¼ Jad represents the asymmetry in like-like interactions. In the model used here, the ordered lipids always have the most favorable interactions and therefore DJ > 0; however, this is arbitrary. Finally, for simplicity's sake, we assume that the order in the saturated chains is spatially homogeneous so that J T and DJ are fixed parameters.
We calculate the mean-field free energy, phase behavior, and line tension in the Appendix for the system without hybrid. The reader can find more detailed information regarding these methods in the literature (47) (48) (49) . To calculate the line tension for a wide range of interaction strengths and temperatures, we use the variational approximation described in the Appendix and shown in Fig. 2 . The general result is that close to the critical temperature, the width of the interface (in the direction normal to the interface) is l ¼ ffiffiffiffiffiffiffi ffi 3=4 p x and the line tension between domains (which is converted to standard units of energy/length by dividing by a 2 , where a is a molecular size) is g=a ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffi ffi
ðT c À TÞ 3=2 , which are the expected, mean-field exponents that govern the correlation length and the interfacial tension. The width of the interface diverges as $ 1= ffiffiffiffiffiffiffiffiffiffiffiffiffi ffi T c À T p and the tension goes to zero with~(T c À T) 3/2 for both the linear and tanh interface shape and these physical quantities only differ by a numerical prefactor. As one increases J T or decreases T, the tension increases indefinitely whereas the length of the interface l decreases. In our model, we can also solve variationally for the width and free energy of the interface at large values of J T or low temperatures. One expects, in the limit J T /T / N, that the interfacial width goes to its physical minimum a (the interface cannot be sharper than one lattice site) and the tension goes to J T (the energy cost of exchanging two s-u bonds into a pair of s-s and u-u bonds). Indeed, these limits are recovered with our variational model up to a numeric prefactor of order unity.
SATURATED-UNSATURATED PHASE SEPARATION WITH HYBRID LIPID
We now consider the effects of adding the hybrid lipid, h, to the system. The additional term in the free energy associated with this component is
where f h i is the mean-field free energy of the hybrid lipid, which includes its entropy and interactions with the s and u lipid, and f h o is the free energy associated with the orientational degree of freedom of the h lipid. We denote this degree of freedom as s ¼ 51, where s ¼ þ1 corresponds to a hybrid lipid with its s tail facing an s lipid and its u tail facing a u lipid (such as the lipid labeled h 3 in Fig. 1 a) and s ¼ À1 corresponds to the opposite orientation. These terms can be written as
where the first term in brackets is the entropy of mixing and the next term is the essentially three-body interactions resulting from the h component occupying the space joining s-s, u-u, or s-u neighbors with probabilities j 2 , (1 À j) 2 , and j(1 À j) in mean-field theory and interaction strength r ss , r uu , and r su . Each of the three-body interaction parameters can be expressed in terms of J T and DJ by r ss ¼ À(J T þ DJ)/4, r uu ¼ À(J T À DJ)/4, and r su ¼ J T /4. In this case, r su simply an average over both orientations, and the orientational dependence of the interaction of an h lipid between an s and a u is corrected by a gradient term in f h o (50) . The other contribution to the free energy is
where the first term is simply the entropy of the Ising parameter s and the second term corrects for the orientational dependence of h lipids between an s and u lipid; in this case J 1 ¼ J T . In a mean-field approximation, the entropy of the orientational order parameter, s, can be estimated by considering hybrid molecules with no interactions, but where an external field determines the orientation to have some average value hsi. The entropy, S s , is then the derivative of the partition function with respect to temperature. In an applied field v, the partition function is z ¼ cosh(v/T). The average value of the Ising parameter is hsi ¼ tanh(v/T) and we can solve for the entropy in terms of the average value of the Ising parameter s. The entropy associated with the s Ising variable is then
Minimizing the free energy with respect to s gives the free energy due to the h component
in terms of j, J T , and DJ:
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Minimizing Eq. 2 with respect to j h gives the local concentration of h lipid,
where
The chemical potential, m h , is related to the total concentration of h molecules in the system by adding the local concentration in the two bulk phases, which we label þ and -, and we find
where j h is the mean concentration of h lipids in the system and j 5 h is the bulk phase h concentration of the two (þ and À) phases. For the special case where DJ ¼ 0, from Eq. 7 we find exp ðm h =TÞ ¼ j h exp ðÀAðj N Þ=TÞ= ð1 À j h Þ. The parameter A compares the strength of interactions dictated by J T /T to the chemical potential, m h . For small concentrations of h, m h is large and negative (and so is A(j) þ m h ). In this case, j h zexp½ðAðjÞ þ m h Þ=T, which is the result for a dilute, ideal gas of h. In the limit that J T /T dominates the m/T contributions such that A(j) þ m h /T is large and positive, j h z1 À exp½ÀðAðjÞ þ m h Þ=T. Note that, from Eqs. 5 and 6, the h molecule prefers to occupy regions of large concentration gradient. The last term in Eq. 6, proportional to DJ ¼ J ss À J uu , partitions the h molecule toward whichever phase has less favorable like-like interactions, when these interactions are asymmetric.
Thermodynamics
The presence of the h amphiphile changes the thermodynamics of the system. The critical concentration will change if the interactions are asymmetric (DJ s 0). Because the focus of this work is to show the basic mechanism of tension reduction in the system, we will focus on the case where DJ/J T is small; a complete study of general DJ will appear in a future work. The shift in the critical concentration due to this asymmetry, j c À 1/2, is
where we have kept only linear order in j c À 1/2 since DJ/J T ( 1. Of course, j c ¼ 1/2 for the case that the interactions are symmetric (DJ ¼ 0 for our lattice model). The critical concentration is shifted toward systems with higher net concentrations of the more favorable component. In the bare two-component system, DJ had no effect on the thermodynamics. In the presence of hybrid lipids, however, DJ couples with the local h concentration. The physical result is that the hybrid is preferentially partitioned into the higher energy phase and lowers the total free energy. For instance, a hybrid which vacates an s-s bond in favor of a u-u bond changes the energy by ÀDJ, thus the hybrid will partition to the u rich phase when DJ > 0 and the s rich phase when DJ < 0; this allows the system to separate at higher concentrations of the favorable component. The critical temperature is shifted with the inclusion of hybrid lipids,
As expected, the critical temperature is an even function of DJ; the shift in the critical temperature cannot depend on which interaction is strongest. When DJ ¼ 0, the critical temperature is reduced linearly with j h . Physically, this occurs because the h lipid stabilizes the mixed phase and inhibits phase separation. Recent work of Yethiraj and Weisshaar (51) finds the same dependence of the critical temperature on the concentration of inert, neutral spacers introduced into a lattice model of two phase-separating species. In this case, the spacers are analogous to our hybrid molecule (although they are not mobile) in that the interactions of either molecule with the spacer/hybrid are more favorable than the unlike interactions (s-u in our case). At low spacer concentrations, the authors found that the critical temperature decreases linearly with spacer concentration. Nonzero DJ weakens this critical temperature reduction; however, the effect is quite small. To simplify the ensuing discussion and highlight the important features of the model, we will proceed to discuss the bulk phase behavior and tension assuming DJ/J T ¼ 0. A detailed treatment for general DJ is the subject of continuing work.
The equilibrium bulk phase concentration near the critical point is
where f N ¼ j N À j c . At the critical concentration f N is zero, as expected. We can also find the equilibrium bulk phase concentration in the limit where the interactions are very strong or the temperature is very low, and j N z 0 and 1 with corrections that are exponentially small and vary as exp(ÀJ T /T):
The presence of the h lipid causes the equilibrium concentrations to be somewhat larger (smaller) than their limit values close to j z 0 (j z 1), which is consistent with the result in Eq. 9 of the lowering of the critical temperature. In the different ranges of J T or T, the hybrid (to varying degrees) inhibits phase separation.
Line tension
We now calculate the line tension associated with both the regime of weak and strong interaction strengths (temperatures near the critical point and low temperatures). We must add to the tension calculated in Eq. 16 a contribution associated with the h molecule. Near the critical temperature, the h molecules are distributed fairly uniformly with only a small concentration near the interface. In this case, the line tension is
The form is similar to that of the bare, two-component system; however, it is clear that the presence of the h molecule serves to lower the surface tension (in addition to effects from the changes to the thermodynamics that result in a renormalization of the critical temperature Eq. 9 and the bulk concentrations Eq. 8). This lowering is due entirely to the gradient term in the hybrid free energy. However, in the limit that j h is small, the change in the tension is small and can never go to zero; finite-sized domain formation will not be favored and macroscopic phase separation will occur.
In the large interaction strength or low temperature limits, the bulk phase concentrations are simply f N ¼ 51/2 with corrections that scale as exp [ÀJ T /2T], which are negligible once J T /2T is larger than 3 or 4. An analytic expression for l in this regime cannot be derived; however, it is clear that the hybrid molecule serves to sharpen the interface and decrease l. Physically, this happens because the amphiphile prefers to occupy regions of high concentration gradients where there are many s-u bonds whose energy can be reduced by the h lipids. The interface, however, cannot be smaller than one lattice spacing, a. Thus, in calculating the interfacial tension in the large J T or low temperature limit, we take l/a ¼ 1. Once again, from Eq. 5, the concentration of h at the interface is 1 with corrections proportional to exp (ÀJ T /T), which we ignore. Now when J T /T is extremely large, the interfacial tension is
Thus, an extrapolation of this formula suggests that the line tension goes to zero at j h zexp ðÀJ T =4TÞ. The exact solution for the normalized line tension assuming the bulk phase concentrations are close to 0 or 1 with corrections exponential in J T /T, with j ¼ 1/2 at a sharp interface, is shown as the continuous curves in Fig. 3 . The colored points in these figures represent the result of ignoring these exponential corrections (Eq. 13); this approach is only valid in the limit of large J T or low T). Fig. 3 a shows that for even small concentrations of h (j h ¼ 0:01 for black solid line, j h ¼ 0:05 for red dashed line), the line tension indeed goes to zero at a finite value of J T /T that agrees with the value found from Eq. 13. To estimate the tension, we note that in Fig. 3 a the maximum value of g occurs at J T /T z 6 with g ¼ 0.25 ak B T. Taking a ¼ 2 nm and converting g to standard units of energy/length by dividing by a 2 , we estimate the maximum tension to be roughly 3-4 pN, consistent with the scale of tension measurements of domains in experiments (52, 53) . Also shown, in the inset to Fig. 3 a, is the local concentration of h molecules at the interface for these same two values of j h (0.01 for black solid line and 0.05 for red dashed). The line tension goes to zero when j h z 1 and the amount of hybrid at the interface is saturated. For nonzero values of DJ, the largest effect would likely be in altering the value of J T /T, at which j h saturates the interface. From Eqs. 5 and 6, we can extrapolate that DJ would serve to slow this saturation because DJ and j À 1/2 at the interface will always have the same sign from Eq. 8. However, for large values of J T or for low values of T, we expect that j at the interface is equal to 1/2 since the bulk concentrations are very close to either zero or unity. Thus, the effect of DJ should disappear at high J T or low T. Fig. 3 b shows the scenario that can more easily be measured in experiment where J T /T is fixed by the chemistry and where it is feasible to vary the concentration of h molecules in the system. We show here that for a large Biophysical Journal 97(4) 1087-1094
range of values of J T /T there is a corresponding concentration of h for which the line tension is driven to zero. This, of course, assumes that the interactions are strong enough to provide a sharp interface between domains. It is clear that the interfacial tension can easily reach zero in this regime even for small values of j h . Thus, although the surfactant contributes only linearly to the thermodynamic bulk terms (e.g., shift in the critical concentration and temperature) it contributes more strongly, logarithmically, to the line tension. Furthermore, this contribution is linear in T/J T whereas the corrections to the bulk equilibrium concentrations vary like exp[J T /T] ( T/J T /T for J T /T [ 1 (high interaction strength or low temperatures).
CONCLUSIONS
In summary, we have shown how a mixture of biologically relevant lipids can stabilize the formation of finite domains. The hybrid lipids can do this by driving the line tension to zero; this occurs when the net interaction strength J T /T is large enough to overcome the entropic gains of random mixing and orientation. The interface then becomes saturated with hybrid lipids whose molecular orientation is energetically favorable. In practice, lipids with longer chains increase the interaction strength and should more readily form finite domains. In addition, the degree of unsaturation in the unsaturated chains (or even position of the unsaturated bond(s) (42)) will affect the interaction strength; increasing the number of unsaturated bonds increases the effective difference in ordering between the two phases, which results in a net increase of J T . Additionally, the line tension is driven to zero at higher temperatures (or lower interaction strengths) if the concentration of hybrid lipids in the system is increased. However, even low concentrations of hybrid can induce finite domain formation if the interaction strength is large enough or the temperature is low enough. Our calculations show that near the critical temperature the line tension never reaches zero for low concentrations of h. Several experiments can be suggested to test these predictions. For example, the fluctuations of the domain boundaries between liquid ordered and disordered phases can give a measurement of the interfacial line tension as a function of hybrid concentration (54, 55) . In addition, tracking labeled hybrid lipids to verify that they are indeed interfacially active would provide experimental evidence of this important characteristic. Finally, we note that while we predict the conditions under which the line tension goes to zero, the size of the domains will be determined by more detailed packing considerations. Similar to surfactant packing at an interface (47), we expect there to be a spontaneous curvature, due to the difference in area per headgroup of the two unlike alkyl chains of the hybrid lipid, which will dictate the optimal domain size. The microscopic effects that lead to this will depend on the lipid geometry and are deserving of further consideration.
APPENDIX
The mean-field thermodynamic potential per lattice spacing for the bare, two-component s-u system can be written as
is the free energy of the homogeneous phase in terms of the local concentration, j, of the saturated component, s. The first term in brackets is simply the mixing entropy and the second term is the Hamiltonian for two-body interactions. The gradient term in Eq. 14 assigns an energy cost to concentration gradients of s and u (that must be even in 7j / À7j) and the prefactor a is a molecular scale that fixes the gradient term to units of the lattice spacing Biophysical Journal 97(4) 1087-1094 critical temperature is T c ¼ J T /4. When the temperature is just below T c , the system separates into two coexisting phases with composition close to the critical composition. Finally, the equilibrium phase concentrations close to the critical temperature are then f N ¼ 5 ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi 3ðT c À TÞ=4T p , where f ¼ j À 1/2. In the two-component system, the thermodynamics does not depend on DJ; it depends only on J T . The parameter DJ simply renormalizes the chemical potential.
The tension is the free energy cost of having an interface between these two bulk phases. The functional minimization of the Landau-Ginzburg expansion of Eq. 14 with the boundary conditions that the gradient vanishes at z ¼ 5N yields an interfacial profile for the temperature regime close to the critical point which goes as f ¼ f N tanh [z/x], where x ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi ffi J T =4ðT c À TÞ p is the width of the interface in the normal direction (47) . It is difficult to solve for the interfacial concentration profile in all temperature regimes. Therefore, we use a variational approximation for the interface profile with a linear concentration variation between z ¼ 5l and f ¼ f N z/l, where l is the width of the interface (and not necessarily the same as x). The variational parameter l is found by minimizing the tension with respect to this interfacial width l. Finally, the concentration is Àf N for z < Àl and f N for z > l. A schematic diagram of these two concentration profiles is shown in Fig. 2 . A general expression for the tension with the linear concentration gradient along the interface is found by comparing the energy difference of an interface with that of bulk phase g ¼ R N ÀN ðgðjÞ À g b Þdz, where g b is the thermodynamic potential of the bulk. To convert this measure of line tension (which has units of energy times length) to the physical line tension with units of energy/ length, our g must be divided by a 2 . A general expression for the line tension in the two-component system in this variational approximation that is valid in the entire temperature range is
and a general expression for the width of the interface follows from minimizing Eq. 16 with respect to l. Now we only require the relationship between f N and J T /T to determine both l and g. For our simple case where m ¼ 0, f N is found by minimizing f 0 with respect to j.
